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Plasma membrane ATPase (Pma1)
Sphingolipid
Cryptococcus neoformansa b s t r a c t
Cryptococcus neoformans is a facultative intracellular pathogen, which can replicate in the acidic
environment inside phagolysosomes. Deletion of the enzyme inositol-phosphosphingolipid-
phospholipase-C (Isc1) makes C. neoformans hypersensitive to acidic pH likely by inhibiting the
function of the proton pump, plasma membrane ATPase (Pma1). In this work, we examined the role
of Isc1 on Pma1 transport and oligomerization. Our studies showed that Isc1 deletion did not affect
Pma1 synthesis or transport, but signiﬁcantly inhibited Pma1 oligomerization. Interestingly, Pma1
oligomerization could be restored by supplementing the mediumwith phytoceramide. These results
offer insight into the mechanism of intracellular survival of C. neoformans.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cryptococcus is an environmental pathogen and the cause of the
disease cryptococcosis. Cryptococcus neoformans is the major
species causing the disease, although other strains such as
Cryptococcus gattii can also cause severe infections. C. neoformans
is a facultative intracellular pathogen capable of survival and rep-
lication both in the extracellular spaces (with neutral and alkaline
pH) and inside the phagolysosomes (with acidic pH) [1–3]. Sphin-
golipids play an important role in regulating C. neoformans survival
and pathogenicity at these different environments [4,5]. The gluco-
sylceramide synthase 1 (GCS1) gene regulates the synthesis of the
lipid glucosylceramide, which confers the fungus the ability to
grow at neutral and alkaline pH [4], while the inositol phosphos-
phingolipid phospholipase C 1 (ISC1) gene plays a signiﬁcant role
in C. neoformans growth in acidic conditions [5,6]. The enzyme
Isc1 degrades inositol phosphorylceramide (IPC) and other com-
plex sphingolipids to inositol phosphate and phytoceramide in
yeast [5,7]. The absence of Isc1 in C. neoformans leads to longer
lag time in growth in acidic pH and decreased survival inside the
macrophages as shown in the cryptococcal mutant strain Disc1 [5].Two lines of evidence suggest that the hypersensitivity of
C. neoformans Disc1 strain to acidic pH could be due to inhibition
of the function of the proton pump plasma membrane-ATPase1
(Pma1), which is critical for maintaining the intracellular pH
within the physiological range [8–10]. First, the Disc1 strain is
hypersensitive to the Pma1 inhibiting drug ebselen under acidic
conditions [5]; secondly, this strain has signiﬁcantly lower levels
of C26-phytoceramide compared to the wild type [6]. C26 bound
ceramides and fatty acids have been shown to be important in
stabilizing newly synthesized Pma1 [11–13], and a reduction in
their level suggests an alteration in Pma1 function.
Pma1 is a homooligomer synthesized in the endoplasmic retic-
ulum and transferred to the Golgi apparatus before reaching the
plasma membrane [14]. At the plasma membrane, Pma1 is local-
ized in lipid microdomains (i.e. lipid rafts) [11,12,15,16]. Pma1
functionality is necessary for C. neoformans survival and it has been
suggested as a potential antifungal target [5,10]. Previous studies
in the model yeast Saccharomyces cerevisiae have shown that efﬁ-
cient function of Pma1 is greatly dependent on sphingolipids.
The sphingoid-base of sphingolipids has been shown to play a role
in oligomerization and surface stability of Pma1 in S. cerevisiae
[17,18], while lipid chain length plays a role in lipid raft association
of the protein [12,19]. However, some conﬂicting reports exist
regarding the surface stability of Pma1 in S. cerevisiae [15,18];
and although it has been shown that sphingolipids synthesis up
to IPC is important for the surface delivery of Pma1 [11], the role
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transport is not clear suggesting the need for further mechanistic
studies on the role of lipids in Pma1 function.
In this study, we investigated the role of Isc1 deletion in Pma1
transport and oligomerization in C. neoformans. Our ﬁndings show
that Isc1 deletion and the consecutive lack of degradation of com-
plex sphingolipids leads to defects in Pma1 oligomerization, which
explains the sensitivity to acidic environment that was previously
shown [5]. These results can have important implications for
the mechanisms of intracellular growth and pathogenesis of
C. neoformans.
2. Materials and methods
2.1. Strains and growth media
C. neoformans var. grubii serotype A strain H99 (obtained from
the Duke University Medical Center, Durham, USA) henceforth
referred to as wildtype (WT), C. neoformans Disc1 mutant and the
reconstituted Disc1REC strain were used in this study. All strains
were maintained on yeast extract, peptone, dextrose (YPD) agar
plates and grown in yeast nitrogen base (YNB) medium supple-
mented with amino acids and containing 20 g/L glucose and
25 mM HEPES at 30 C. The pH of this medium was adjusted to
4.0 or 7.0 using HCl or NaOH, respectively. Phytoceramide supple-
mentation studies were performed using YNB as medium and
adding C6-phytoceramide (dissolved in methanol) at desired
concentrations.
2.2. Tagging yeast strains with hemagglutinin (HA)
Previous attempts to study Pma1 using antibody was not suc-
cessful due to lack of strong antibody recognizing C. neoformans
Pma1. Therefore, we tagged the PMA1 gene with HA epitope using
the following strategy. First, the 50UTR-PMA1-HA fragment was
obtained by PCR using genomic DNA from C. neoformans wild-type
H99 as a template and primers PMTAG (50-CAT GAG CTC CAC TTT
CTT CGG TCG TGC TGC CAC TCT TGT-30) and PMTAGHA (50-CAA
GGA TCC CTA AGC GTA GTC TGG GAC GTC GTA TGG GTA CGC
CGC GGG CCT GGA GTG GGC ACG GGT-30). This generated the
fragment of 50 UTR-PMA1-HA containing Sac1 and BamH1 restric-
tion site (underlined). This PCR fragment was inserted into
pCR2.1-TOPO plasmid and cloned in DH5a. This construct was ﬁrst
sequenced and the 50UTR-PMA1-HA fragment was released from
pCR2.1-TOPTO-50UTR-PMA1-HA by digesting with Sac1 and
BamH1. Secondly, the nourseothricin acetyltransferase gene
(NAT1) under the control of H99 actin promoter constructed in
pCR2.1-TOPO-NAT1 [20] was digested with Sac1 and BamH1 and
the 50UTR-PMA1-HA fragment was ligated into the plasmid
pCR2.1-TOPO-NAT1 generating a pCR2.1-TOPO-50UTR-PMA1-HA
construct. This construct was ampliﬁed in DH5a and the extracted
plasmid was biolistically delivered into H99 (WT) and Disc1
mutant. Stable nourseothricin-resistant transformants were
selected and southern hybridization with 50UTR probe was per-
formed to identify a double-crossover event at the PMA1 locus
(Supplementary Fig. 1).
2.3. Confocal microscopy
Confocal imaging was performed as described previously [21].
Brieﬂy, cells were grown at pH 4.0 for the speciﬁed amount of time
and ﬁxed using 2.5 mL of 5 ﬁxation reagent (46 mL of 0.5 M
potassium phosphate and 54 mL of formaldehyde) per 10 mL of
culture. After 2 h of shaking, the cells were centrifuged at
1700g for 5 min, resuspended in 1 ﬁxation reagent and left ina shaker incubator at room temperature overnight. The day after,
cells were centrifuged at 1700g for 5 min and resuspended in
SHA buffer (1 M sorbitol, 100 mM HEPES, 50 mM sodium azide in
water, pH = 7.5). After washing twice with 1 mL of SHA buffer, cells
were counted and 103 cells were resuspended in 0.5 mL of WT
buffer (100 mM HEPES, 0.3 M NaCl, 2 mM sodium azide, 10 g
bovine serum albumin, 0.2 mL of Tween20 in 200 mL of water)
with 8 lg/mL of anti-giantin polyclonal or anti-HA monoclonal
(Covance, Princeton, NJ) antibodies, and incubated with shaking
at room temperature overnight. The day after, cells were washed
with 1 mL of WT buffer for four times and then resuspended in
WT buffer with Alexa Fluor 488-(green) or 633-(red) conjugated
anti-rabbit or anti-mouse IgG secondary antibodies (Life Technolo-
gies, Carlsbad, CA). Cells were incubated with shaking at room
temperature for 1 h, washed with 1 mL of WT buffer four times
and resuspended in 50 lL of WT buffer. Twenty lL of this suspen-
sion were added to a glass slide coated with poly-L-lysine. Five
microliters of ProLong Gold Antifade mounting solution (Life
Technologies) were added to the slides and confocal imaging was
performed using a LSM 510 META laser-scanning microscope
(Zeiss, Jena, Germany). DAPI staining of the nucleus was performed
following the above-mentioned procedure for ﬁxing and using a
DAPI-containing mounting solution (Life Technologies).
2.4. Extraction of detergent resistant membranes
Detergent resistant membranes (DRM) were extracted follow-
ing the method of Siafakas et al. [22] with minor modiﬁcations.
Brieﬂy, cells were grown on YPD plates for 72 h at 30 C. Five
plates of cells were scraped into two centrifuge tubes each con-
taining 20 mL of 0.9% (wt/vol) saline. The cells were vortex mixed
and then pelleted by centrifugation for 15 min at 2000g. The
pellet was washed once with saline and once with morpholinee-
thanesulfonic acid (MES)-buffered saline (25 mM MES, 150 mM
NaCl, 2 mM EDTA, pH = 6.5). The pellet was snap-frozen in liquid
nitrogen and resuspended in 3 mL of resuspension buffer (MES-
buffered saline, 0.1% (vol/vol) Triton X-100, and a Halt™ protease
inhibitor cocktail, Sigma Aldrich, St. Louis, MO). Aliquots of 1 ml
were transferred to conical tubes containing 1 mL of glass beads
and were homogenized in a MiniBeadbeater-16 cell disrupter
(Biospec, Bartlesville, OK) at 4 C for three cycles of 1 min, alter-
nating with a 1-min cooling period on ice. The cell lysate was
transferred to centrifuge tubes and centrifuged at 3500g for
10 min at 4 C. The supernatant was collected and retained, the
pellet was further broken by probe sonication (5 cycles of 10 s
on, 10 s off) and centrifuged at 3500g for 15 min at 4 C. This
supernatant was combined with the ﬁrst supernatant, added to
a 1 mL thick wall polycarbonate centrifuge tube (Beckman-
Coulter, Danvers, MA) and centrifuged at 135000g for 1 h at
4 C in an ultracentrifuge (Beckman-Coulter) using a TLA120
rotor. The pellet was resuspended in 200 lL of ice-cold 1% (vol/
vol) Triton X-100 in MES-buffered saline, dispersed by a few sec-
onds of probe sonication and held on ice for 1 h. Then, 113 lL of
this solution were added to the bottom of another centrifuge tube
and mixed with 170 lL of 68% sucrose in resuspension buffer
forming an opaque solution with a ﬁnal sucrose concentration
of 40%. On top of this solution, 1.07 mL of 30% sucrose in resus-
pension buffer were carefully added forming a distinct clear solu-
tion at the top. The tube was centrifuged at 201000g for 18 h at
4 C. Eleven fractions of 110 lL were collected from the top to the
bottom, injected into dialysis bags and dialyzed in water at 4 C
for 20 h. The contents of the dialysis bags were collected and used
for lipid extraction. The top fractions showed increased amount of
sterols, glucosylceramide and phospholipids were used for wes-
tern blotting.
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Lipid extraction was performed according to Folch’s method
[23]. Brieﬂy, 700 lL of methanol and 1.4 mL of chloroform were
added to each 100 lL of dialyzed fractions and vortex mixed for
30 s. Then, 1.1 mL of water were added on top, vortex mixed for
another minute and kept at 4 C for phase separation to occur.
The lower phase was aspirated and dried in a centrifugal evapora-
tor (Savant™ SPD 2010 Speed Vac, ThermoScientiﬁc, Pittsburgh,
PA). The dried lipid was dissolved in 20 lL of chloroform and
loaded on thin layer chromatography (TLC) plates. A mobile phase
of chloroform/methanol/water (65/25/4 by volume) was used for
lipid separation. Lipids were visualized using iodine vapor.
Total protein extraction was performed from an overnight
C. neoformans culture grown in YNB. Cells were washed twice
and resuspended in PBS. Two hundred lL of lysis buffer (1 mL
water, 9 mL 1 M Tris pH 8.0, 1.5 mL glycerol and 1% protease
cocktail inhibitor) were added to 100 lL of cells in screw-cap
tubes. The solution was vortex mixed and disrupted by adding
1 mg of glass beads and disrupting in bead beater for four times
(40 s each with 1 min interval on ice). The tube was then centri-
fuged for 10 min at 2500g at 4 C. The supernatant was trans-
ferred to another tube and protein concentration was determined
using a Bradford protein assay kit (Bio-rad, Hercules, CA).
2.6. Western blotting
Western blotting was performed with the top fractions of
sucrose density gradient (DRM fractions) or with the total protein
extracts of the cells. In both cases, the total amount of protein was
estimated and the amount of solution equal to 20 lg of protein
was added to a polyacrylamide gel electrophoresis (PAGE) gel. A
gel concentration of 10% (with or without sodium dodecyl sulfate)
was used for studies with total protein extract with phytocera-
mide addition, whereas a discrete native gel (6% at the top, 20%
at the bottom) was used for DRM fractions to allow for the visu-
alization of the HA band and the marker at the same time. The gel
was run for 16 h at 60 V. The gel was then transferred overnight
to a nitrocellulose membrane (Bio-rad). The day after, the mem-
brane was blocked for 1 hour using 5% non-fat dry milk and rinsed
with PBST (1 PBS with 0.05% Tween 20) buffer. The membrane
was then incubated with 1000 times diluted anti-HA monoclonal
antibody overnight at 4 C. The day after, the membrane was
washed with PBST for ﬁve times (5 min each) and then incubated
with 10000 times diluted horse-radish peroxidase (HRP)-conju-
gated IgG antibody (Santacruz Biotechnology, Santacruz, CA) for
2 h. The membrane was washed for ﬁve times using PBST buffer
and the protein band was visualized by addition of the chemilu-
minescent substrate SuperSignal (ThermoScientiﬁc) and visual-
ized using a ﬁlm developer (SRX 101A, Konica Minolta, Long
Island City, NY).
3. Results
3.1. Pma1 is transferred to the plasma membrane even in the absence
of Isc1
To understand the role of Isc1 deletion in the growth defect of C.
neoformans in acidic pH, the transport of Pma1 to the plasmamem-
brane was studied in the WT and the Disc1 strain using confocal
microscopy. In order to facilitate the imaging of Pma1 protein,
the protein was tagged with human inﬂuenza hemagglutinin
(HA) epitope both strains and antibody against HA was used for
imaging and detection of the protein. Western blot analysis con-
ﬁrmed that the HA epitope was successfully added and could bedetected in both WT and Disc1 strains regardless of the pH
(Supplementary Fig. 2).
The transport of Pma1 to the plasma membrane was examined
using antibodies against the Golgi speciﬁc protein, Giantin [24] and
Pma1-HA at acidic pH (Fig. 1a and b). In both strains, Pma1 was
strongly associated with the plasma membrane as conﬁrmed by
a ring-like ﬂuorescent signal from the cell membrane. Such mem-
brane association suggests that the enzyme Isc1 is not essential for
the transport of Pma1 to the cell membrane. A similar trend was
observed for both strains at neutral pH as the protein could still
be observed around the cell membrane; however, at this pH pro-
tein localization was not speciﬁc to the cell membrane and ﬂuores-
cence signal could be also observed inside the cell (Fig. 1c and d).
Given that the main function of Pma1 is to maintain physiological
pH inside the cell, it is likely that at pH = 7 protein level is regu-
lated at the membrane by a slower protein transport or rerouting
it to vacuoles for degradation, thus resulting in excess intracellular
signal. Although the secretory pathway of Pma1 does not include
the nucleus, it has been shown that defects in the intracellular traf-
ﬁcking of this protein in yeasts can lead to stacked membranes that
are closely associated with the nucleus, especially at acidic pH [25].
This possibility was tested by staining the nucleus with DAPI ﬂuo-
rescent probe and overlaying the ﬂuorescence signal with that of
Pma1-HA. Similar to the Giantin-staining, Pma1 was primarily
associated with the plasma membrane with little overlap with
the nucleus (Supplementary Fig. 3). These results suggest that
Pma1 was efﬁciently transferred to the cell membrane and its
transfer was not affected by the deletion of Isc1.
3.2. Pma1 is produced in higher levels in Disc1 compared to the WT
Since no difference in the localization of Pma1 was found
between the strains, the Pma1 level was examined to understand
whether a lower level of Pma1 has contributed to the pH sensitiv-
ity of the Disc1 strain. Western blot analyses were performed from
SDS–PAGE gels at different pH values and time points to examine
potential changes in protein level with acidity or time. Interest-
ingly, the mutant strain showed higher levels of Pma1 compared
to the WT (Fig. 2). This trend was consistent at both acidic and
neutral pH and was observed regardless of culture time, although
larger protein levels were observed at 16 h compared to 4 h. No
signiﬁcant changes were observed in the levels of Giantin or
b-actin, indicating that the Golgi apparatus was not affected and
also conﬁrming that the differences observed in the levels of
Pma1 are not caused by differences in protein loading in the gel.
3.3. Pma1 oligomerization is affected by Isc1 deletion
Western blot experiment performed on the SDS–PAGE demon-
strated that changes in Pma1 level were not responsible for the pH
sensitivity of Disc1. However, it was likely that the deletion of Isc1
affected protein oligomerization and its functionality at the plasma
membrane. Pma1 is a raft-associated protein and is shown to be
concentrated in detergent-resistant membrane fractions (DRMs)
in other fungi [22,26]. Thus, to study the protein in the plasma
membrane, DRMs were separated from C. neoformans following a
previously published procedure [22] (Fig. 3, top panel). Siafakas
et al. [22] reported that DRM fractions of C. neoformans are mainly
composed of ergosterol (Erg), glucosylceramide (GlcCer) and phos-
pholipids such as phosphatidyl choline (PC) and phosphatidyl eth-
anolamine (PE). A similar lipid proﬁle was observed in the top
fractions of the sucrose density gradient in the current study, this
similar proﬁle along with the fact that DRMs are known to ﬂoat on
a sucrose density gradient suggested that the top fractions of the
gradient are primarily detergent resistant [27].
Fig. 1. Confocal imaging showing the localization of Pma1 (red) with regard to Giantin, a marker of the Golgi apparatus (green). (A) ISC1-PMA1::HA (WT), pH = 4; (B) Disc1-
PMA1::HA, pH = 4; (C) ISC1-PMA1::HA (WT), pH = 7; (D) Disc1-PMA1::HA, pH = 7. All images were acquired after 2 h of culture growth followed by ﬁxing and staining. Scale
bar = 10 lm.
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examined for the native form of Pma1, by performing a Western
blot on a native-PAGE from these fractions (Fig. 3, bottom panel).
The large molecular weight of Pma1 oligomers (1.8 mega Daltons
[17]) caused it to remain at the top of the gel, while staining with
the anti-HA antibody ensured that the observed band was indeed
Pma1. Interestingly, this experiment revealed a marked difference
in the level of Pma1 oligomers between theWT andDisc1. Observa-
tion of a band with a lower molecular weight in the ﬁrst fraction of
Disc1 revealed that the protein was not in its functional oligomeric
form in themutant and either due to a deﬁciency in oligomerizationor degradation to non-functional forms. This observation suggests
that the main difference between the strains is not in the levels of
Pma1, but its oligomerization efﬁciency.
3.4. Pma1 oligomerization can be restored by introducing
phytoceramide
The enzyme Isc1 degrades complex sphingolipids into phospho-
rylinositol and phytoceramide, particularly C26-phytoceramide. It
is previously shown that the absence of this enzyme leads to a lack
of C26-phytoceramide in C. neoformans in acidic conditions [6].
Fig. 2. Western blotting of total protein extracts of C. neoformans ISC1-PMA1::HA
(WT) and Discl-PMA1::HA (Disc1) using anti-HA monoclonal antibody. The Disc1
strain showed increased production of Pma1-HA at both acidic and neutral pH after
4 and 16 h of growth. Giantin and b-actin were used as loading control.
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reported to be important in oligomerization of Pma1 [11,12], we
examined the effect of reintroduction of phytoceramides into the
culture medium on the functional levels of Pma1 at acidic pH. Since
long chain lipids cannot be readily metabolized by C. neoformans,
this experiment was performed using C6-phytoceramide. Interest-
ingly, supplementation with phytoceramide not only increased the
level of monomeric Pma1 (Fig. 4a), but also restored the oligomeric
form of Pma1 in a dose-dependent manner (Fig. 4b) showing the
importance of phytoceramide in the oligomerization of Pma1.Fig. 3. Top panel: Lipid proﬁle of fractions (numbered from top to bottom) obtained by
Triton X-100 to separate the detergent resistant membrane (DRM) fractions. ISC1-PMA1::H
resistant) fractions and their lipid proﬁle is similar to those reported by Siafakas et al. [22
glucosylceramide. Bottom panel: Western blotting of the native-PAGE of the top four f
showed substantially lower levels of oligomeric Pma1, a band with a molecular weight lo
inefﬁcient oligomerization. Marker band = 300 KDa.4. Discussion
The results of this study demonstrate that the enzyme Isc1,
which hydrolyzes complex sphingolipids to phytoceramide regu-
lates the function of Pma1 in C. neoformans through affecting
Pma1 oligomerization, but without inhibiting protein synthesis
or transport. Interestingly, the effect of the lack of enzyme on pro-
tein oligomerization could be restored by phytoceramide supple-
mentation suggesting that this lipid plays an important role in
Pma1 oligomerization.
Previous studies using S. cerevisiae as model yeast have
established the role of sphingolipids in the transport of Pma1
[11,12,15,18]. Using a S. cerevisiae mutant, deﬁcient in sphingoli-
pids synthesis it was shown that defects in sphingolipids synthesis
leads to rerouting of Pma1 to the vacuole [15,18]. Also, using a ser-
ies of inhibitory compounds, Gaigg et al. [11] showed that sphingo-
lipids synthesis up to IPC is required for Pma1 transport to the
plasma membrane. Our membrane transport studies revealed that
Pma1 was efﬁciently routed to the plasma membrane in both WT
and the Disc1 strain (Fig. 1). Isc1 degrades IPC and other complex
sphingolipids, but does not affect sphingolipid synthesis upstream
of IPC. Thus, our results reafﬁrm the ﬁndings of Gaigg et al. [11]
and show that lack of degradation of complex sphingolipids does
not affect Pma1 transport. Since the transport of Pma1 was unaf-
fected in the Disc1 strain, we examined the amount of Pma1 in
theWT and the mutant to understand whether there is a difference
in the protein level. SDS–PAGE analysis revealed that the mutant in
fact contained a larger amount of Pma1 monomers compared tosucrose density gradient ultracentrifugation after cell lysis and exposure to ice cold
A (left) andDisc1-PMA1::HA (right) show similar lipid proﬁles in the top (detergent
]. PC: phosphatidyl choline, PE: phosphatidyl ethanolamine, Erg: ergosterol, GlcCer:
ractions of the ISC1-PMA1::HA (left) and Disc1-PMA1::HA (right). The Disc1 strain
wer than the native form in the ﬁrst fraction of Disc1 (right to left arrow) conﬁrmed
Fig. 4. Addition of C6-phytoceramide increased the synthesis and oligomerization
of Pma1 in the Disc1 strain in a concentration-dependent manner. (A) SDS–PAGE of
total protein extracts of the C. neoformans ISC1-PMA1::HA (WT) and Disc1-
PMA1::HA after the addition of 5–20 lM of phytoceramide using anti-HA mono-
clonal antibody. (B) Native-PAGE of total protein extracts of the ISC1-PMA1::HA
(WT) and Disc1-PMA1::HA after the addition of 5–20 lM of phytoceramide using
anti-HA monoclonal antibody. Both gels were performed 2 h after the addition of
phytoceramide and in acidic environment (pH = 4), values show the concentration
of phytoceramide in the medium.
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out the possibility of impaired Pma1 synthesis (Fig. 2). The mRNA
level of the Pma1 gene was higher in the Disc1 strain compared to
the WT at acidic pH, but lower at neutral pH (data not shown).
Thus, the increased Pma1 levels observed in the mutant is likely
due to higher monomer stability.
The functionality of Pma1 requires efﬁcient oligomerization,
delivery to the plasma membrane and association with lipid rafts
(tested by the ability of the protein to become detergent resistant).
Previous reports suggest that Pma1 becomes associated with lipid
rafts either in the ER [17] or in the Golgi apparatus [15], before
being routed to the plasma membrane. Protein functionality at
the plasma membrane was examined by monitoring the amount
of oligomeric protein in the lipid rafts using native PAGE analysis.
Detergent resistant membrane fractions were separated by expos-
ing cell lysates to ice-cold Triton X-100 and performing sucrose
density gradient centrifugation. Top fractions showed an abun-
dance of sterols and PE, PC and glucosylceramide as reported for
C. neoformans lipid rafts [22]. Analysis of these fractions for the
native form of Pma1 revealed a signiﬁcant reduction in the amount
of Pma1 oligomers in the Disc1 strain. This result suggests that the
inability of C. neoformans to degrade complex sphingolipids to
phytoceramide inhibits Pma1 oligomerization. This observation
explains the growth defect of the Disc1 strain at acidic pH, which
was observed in our previous studies [5,6].
The presence of an intense band with a molecular weight signif-
icantly lower than 1.8 MDa conﬁrmed that Pma1 was delivered to
the detergent resistant fractions without proper oligomerization. It
should be mentioned that the protein band observed in the deter-
gent resistant fractions of the mutant strain corresponds to a mul-
timeric protein (likely a pentamer). The conditions used for the
native-PAGE experiment did not allow the observation of mono-
meric Pma1, due to the signiﬁcant difference in the molecular
weights of the monomeric (108 KDa vs. 1.8 MDa). It is likely that
protein in its true monomeric form is not efﬁcient in raft-associa-
tion, a reduced association of the monomeric form of Pma1 with
the detergent resistant membrane fractions of S. cerevisiae at
37 C has been shown before [17].
We have previously shown that the Disc1 strain contains
signiﬁcantly lower amounts of C26-phytoceramide compared to
the WT [6]. The reduction of these long chain lipids is the mostlikely reason for defective oligomerization of Pma1. The impor-
tance of sphingolipids in Pma1 oligomerization in S. cerevisiae
has been shown using a sphingolipid deﬁcient mutant [17,18].
Since the Disc1 strain can synthesize the sphingoid base, it is more
likely that a speciﬁc interaction between phytoceramide and Pma1
is involved in oligomerization. It has also been suggested that long
chain sphingolipids can play an indirect role in protein oligomeri-
zation by increasing raft formation, which might result in
increased local concentration of Pma1 monomers leading to their
oligomerization [17]. In the current study, no signiﬁcant differ-
ences were observed in the lipid proﬁle of raft fractions between
the WT and Disc1 (Fig. 3). Since the lipid composition of DRMs
were similar according to TLC analysis, a substantial change in
the amount of rafts seems unlikely, which further supports the
hypothesis that a speciﬁc sphingolipid (i.e. phytoceramide) might
be important in Pma1 oligomerization. However, the potential role
of the absence of Isc1 on other membrane proteins such Gas1p,
Hsp30, Nce2p (shown to be raft-associated by Bagnat et al. [28])
cannot be excluded; this is especially true for Hsp30, which has
been shown to be closely associated with Pma1 [29].
The importance of phytoceramide in oligomerization of Pma1
was further corroborated by the signiﬁcant and concentration-
dependent improvement in oligomerization when the medium
was supplemented with C6-phytoceramide (Fig. 4). Although not
directly observed due to the conditions of the native-PAGE exper-
iments, it is possible that the addition of C6-phytoceramide also
resulted in an increase in the monomeric form of Pma1 since the
increase in band intensity of the native-PAGE upon addition of
phytoceramide did not correlate with the increase in the band
intensity of the SDS–PAGE especially at higher concentrations. Pre-
viously, Lee et al. [17] showed that supplementation with phyto-
sphingosine (PSH) increases the oligomerization of Pma1 in
sphingolipid-deﬁcient S. cerevisiae concluding that the level of
sphingolipids in the cell is important for oligomerization. However,
the Disc1 strain is not defective in the sphingoid-base and only
lacks the enzyme for the degradation of complex sphingolipids to
phytoceramide. Thus, our results suggest that not only the sphin-
golipid levels; but, speciﬁcally the level of phytoceramide is impor-
tant for Pma1 oligomerization. Further studies are needed to
elucidate the interactions between Pma1 monomers and phyto-
ceramide. In conclusion, we showed that deletion of the enzyme
Isc1 inhibits the oligomerization of Pma1 resulting in a growth
defect at acidic pH in the pathogenic yeast C. neoformans. These
results can have important implications in the interactions of C.
neoformans with the host especially in acidic media such as inside
the phagolysosomes.
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